Inspiring high precision dam water depth measurement with novel 'bubbler’ designs by Donohue, Rachael Michelle
   
UNIVERSITY OF SOUTHERN QUEENSLAND 
FACULTY OF ENGINEERING AND SURVEYING 
 
 
 
Inspiring High Precision Dam Water  
Depth Measurement with Novel 
‘Bubbler’ Designs 
 
 
 
A dissertation submitted by 
 
Rachael Michelle Donohue 
 
In fulfilment of the requirements of 
 
Courses ENG4111 and 4112 Research Project 
 
 
Towards the degree of  
Bachelor of Engineering (Environmental) 
 
Submitted: October, 2008 
 P a g e  i 
Abstract 
 
 
Over time and due to enhancements in technology, a number of water level 
measuring systems have been developed for the purpose of improved water 
management. One of these methods is the “bubbler” arrangement 
incorporated with a pressure sensitive transducer and relay equipment. This 
project intends to optimise the accuracy and precision of the “bubbler” 
arrangement method through testing and evaluation of novel bubbler/water 
interface configurations. 
 
A gas bubbler system can measure both stream and dam water levels. The 
water level is determined by measuring the pressure head of gas bubbling 
from the bottom a dam. An air line is attached securely below the water 
surface and the pressure required to force air out the capillary line in the 
form of bubbles is registered on a pressure transducer tapped into the control 
board. From this pressure, the height of the liquid column above the point of 
measurement can be determined. When this measured pressure is magnified, 
a saw tooth plot of pressure over time can be seen. This is due to the change 
in pressure during the bubble formation at the end of the capillary. 
 
In order to optimise this arrangement, this variation in pressure over time as 
the bubble forms and grows needs to be reduced. The pressure variation is 
also known as the effective bubble pressure. The effective bubble pressure is 
the excess pressure required to overcome the head loss due to the surface 
tension of the water. 
 
To try minimise this effect, an experimental apparatus was designed and 
built following the principles of a bubbler arrangement. A laboratory 
measurement program was also implemented. From the different tests that 
were undertaken, it was found that a 12.5 mm diameter bare ended tube with 
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a cut at an angle of 60°, was found to be the most accurate and precise 
interface. This was determined by undertaking a statistical analysis on each 
of the test results including, means, standard deviations, maximums, 
minimums and ranges. The temperature of the water was also recorded prior 
to and during each test. The test results also agreed with some of the relevant 
surface tension and bubble physics theory.  
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1.0 Introduction 
 
The increasing vulnerability of water resources and scarcity of supply has 
increased the need for high precision water depth measurements and 
improved water management. The ability to record very accurate depth 
measurements of a water body will enable irrigators and water managers to 
more accurately determine water quantity, usage, and the magnitude of 
losses due to evaporation and seepage. 
 
The loss of storage water due to evaporation and seepage in Australia is 
estimated to exceed several thousand GL/yr, representing billions of dollars 
lost to the Australian economy. This provides a strong incentive for research 
into how evaporation and seepage losses can be better assessed and reduced. 
 
There are several methods to measure water depth available on the market. 
However, in order to better assess such parameters like the magnitude of 
losses due to evaporation and seepage, the highest degree of accuracy and 
precision is required. This is a challenging measurement because the 
required millimetre depth discrimination requires very small pressure 
differences, single millibars (mb).  
 
A submersible pressure sensitive transducer (PST) located at the 
measurement point can obtain this level of accuracy. However, with low 
pressure discrimination, their calibration is still significantly dependant on 
temperature. A commercial, submersible PST arrangement is also very 
expensive. Long signal and power cables are often required and in addition, 
there can also be major noise problems associated with the use of these long 
cables. 
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An alternative method for measuring water depth is the “bubbler” 
arrangement. This technique involves gently pumping a certain type of gas, 
generally carbon dioxide, nitrogen, or air down a small diameter, stiff walled 
capillary line to the desired measurement point at the base of the dam or 
waterway. Obviously, when the pressure in the capillary line reaches that in 
the dam, the gas will bubble out. Presuming that there is no pressure drop 
down the capillary line, this same pressure is measured by a PST in a more 
convenient location near the gas control board and data logger. This method 
avoids the need for a high-cost submersible PST device, long cables and the 
risk of damage to the PST.  
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1.1 Project Aim and Objectives 
 
1.1.1 Project Aim 
 
The aim of this project is to optimise the accuracy and precision of the 
“bubbler” arrangement method through testing and evaluation of novel 
bubbler/water interface arrangements. 
  
1.1.2 Project Objectives 
 
The objectives of this project were to: 
 
• Scope out the required precision and accuracy for evaporation 
mitigation measurement purposes; 
• Assess the parameters that  affect the accuracy of depth measurements  
i.e. temperature/density; 
• Design/implement a laboratory measurement program utilising the 
“bubbler” arrangement; 
• Design/build and test novel bubble/water interface arrangements; 
• Analyse and evaluate the laboratory data assessing the “Bubblers” 
performance; and 
• Make a recommendation as to which novel bubble/water interface is 
most suitable and will produce the most accurate results. 
Chapter 2 Background  
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2.0 Background 
 
Fresh water is one of the Earth’s most valuable resources. Due to 
unpredictable rainfall, climate change, high evaporation rates and growing 
populations, it is becoming more valuable than ever. Water is critical for all 
living things and therefore conservation of this resource is becoming 
increasingly more important. It is for these reasons; research into how water 
can be better monitored, assessed and managed is essential. The foundation 
to better managing water resources is water level measurement. Water level 
measurement can assist irrigators and water managers in determining water 
quantity, usage, and magnitude of losses from evaporation and seepage.  
 
2.1 Water Level Measurement Systems 
 
Over time and due to enhancements in technology, a number of water level 
measurement systems have been developed and are available on the market. 
The water level in a surface water body is measured relative to an arbitrary 
datum. The Australian Height Datum (AHD) is based on mean sea level 
being zero.  
 
The most common methods for recording surface water level measurements 
include: 
 
• Staff gauges; and 
• Automatic water level recorders. 
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The staff gauge is the oldest method for recording water level measurements. 
The Nilometer, in Cairo on the southern tip of Roda Island is one of the 
oldest examples of a staff gauge. This gauge was constructed in about 715 Ad 
and was used to measure the levels of the Nile River 
(http://www.waterhistory.org/histories/cairo/).  Photos of the housing and 
structure are shown in Figures 2.1 and 2.2. 
 
 
Figure 2.1 Exterior of the Nilometer, Roda Island, Cairo 
  (Source: http://www.waterhistory.org/histories/cairo/) 
 
 
 
Figure 2.1 Interior of the Nilometer, Roda Island, Cairo 
  (Source: http://www.waterhistory.org/histories/cairo/) 
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The Cairo Nilometer structure consists of a large pit (stilling well) that 
extends below the water level of the Nile. The stilling well is connected to the 
Nile via three tunnels, each at different elevations. In the centre of the well is 
a large octagonal column, as can be seen in Figure 2.2. This column is graded 
and divided into nineteen cubits so that the water level can be measured. A 
cubit being equal to approximately half a meter, therefore water levels up to 
about 9.5 m could be measured. The tunnels connecting the Nile to the well 
arrangement are now filled in, so the Nilometer is no longer functional 
(http://www.waterhistory.org/histories/cairo/). 
 
A staff gauge is a vertical graduated marker established to visually estimate 
the water level. They are generally made with a durable porcelain enamel 
finish to resist corrosion. Now, they are also often used in conjunction with 
automatic water level recorders, as a method of checking that the automatic 
water level recorder is working correctly. An illustration of a staff gauge in 
practice is depicted in Figure 2.3.  
 
 
Figure 2.3 Staff Gauge in Practice on the Thompson River at 
Longreach. Photo taken 17/11/2007 
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The most common automatic water level recorders in current use include 
rotary shaft encoders, “bubbler” systems and submersible, differential 
pressure sensitive transducers (PSTs). For successful, high accuracy 
operation, automatic water level recorders are normally installed in stilling 
wells (Figure 2.4). 
 
 
 
Figure 2.4 Stilling well arrangement at a gauging station on the 
Thompson River at Longreach (Photo taken 18/09/2007) 
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Stilling wells are located on the bank of a water storage or water course. The 
well is connected to the water storage by several pipe intakes so that when 
the water level in the water body changes, the water level changes in the well 
(Figure 2.5). The water level in the well is the same as the water level of the 
dam. The stilling well and the pipes allow water to move in and out freely 
and the stilling well dampens turbulence or wave action to provide a more 
reasonable representation of the water level in the dam or stream. Staff 
gauges are usually located at the site of a stilling well to verify that the water 
level in the well is in fact a representation of that in the water body. 
 
 
 
Figure 2.5 Schematic of stilling well and shelter at a stream gauging 
station (Source: Kenneth, 2005) 
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Rotary shaft encoders allow the continuous monitoring of water levels in 
storages. The rotary shaft encoder is float operated and works with a data 
logger. Changes in water level are transferred via a float-cable-counterweight 
system to the float pulley on the encoder unit. The rotation caused by this 
action can be converted to an electrical signal which is transferred by the 
transducer cable to a data logger and then recorded as a measured value. 
Historically, this recording device would have used an ink pen that recorded 
a graph of the depth change with time. Figure 2.6 illustrates an example of a 
rotary shaft encoder and data logger combination (‘Thalimedes’) 
manufactured by the HACH Company. 
Chapter 2 Background  
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Figure 2.6 ‘Thalimedes’ Rotary Shaft Encoder Manufactured by the 
HACH Company (Source: HACH, 2008) 
 
 
Technical data including resolution and maximum measurement error for 
different measurement ranges is provided in Table 2.1. These values have 
been extracted from the manufacturers operating instructions. 
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Table 2.1 – ‘Thalimedes’ Technical Data 
 
Measurement 
Range 
± 19.999 m ± 199.99 m ± 199.99 ft 
Resolution 0.001 m 0.01 m 0.01 ft 
Maximum Error ± 0.002 m ± 0.002 m ± 0.0066 
 
(Source: HACH, 2008) 
 
In many cases, stilling wells are impractical or prohibitively costly. 
Maintenance work to de-silt the well also requires working in confined 
space, often with poor quality air. This represents a significant work place 
health and safety issue. 
 
“Bubbler” systems are an alternative because the shelter and recorders can be 
located in a more convenient location away from the dam and do not require 
working in confined spaces. 
 
A gas bubbler system can produce continuous accurate records of dam and 
stream water levels. The water level is determined by measuring the pressure 
head of gas bubbling from the bottom of the dam. In a bubbler system, an 
orifice is attached securely below the water surface and connected to the 
instrumentation by a length of tubing, commonly P.V.C. A gas control board 
provides a constant differential pressure above the pressure head at the end 
of the tube so that if the water rises, enough pressure will be supplied to 
ensure bubbles are still produced. The constant differential pressure 
maintains a constant bubble rate through the gas tube and enables a pressure 
sensing instrument to measure the change in pressure head and thereby the 
depth of the dam. 
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A typical gas control board is depicted in Figures 2.7 and 2.8. The 
Department of Natural Resources and Water (NRW) uses this type of gas 
control board in many gauging stations across Queensland. They are 
generally used to measure stream water levels. Carbon dioxide and nitrogen 
are the most common gases utilised. Gas is supplied from a pressed steel or 
aluminium bottle in which the gas pressure is of the order of 900 p.s.i or 6200 
kPa. The aluminium bottle has the advantage of lightness. The gas is 
regulated at the bottle to a pressure varying between 25 and 45 p.s.i (172 and 
310 kPa) depending on the maximum working head (Figure 2.9) (Lommerse, 
1992). To ensure gas discharge at all times, suggested pressure settings are 
depicted in Table 2.2. 
 
 
Figure 2.7 Gas Control Board (Source: Lommerse, 1992)   
Chapter 2 Background  
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Figure 2.8 Gas Control Board (Photo taken at the NRW Hydraulics 
Labs in Brisbane) 
 
 
Figure 2.9 Regulation of Gas Flow at the Bottle (Photo taken at the 
NRW Hydraulics Labs in Brisbane) 
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Table 2.2  Gas Bubbler System Settings for Various Maximum Heads 
Metres Range Valve Setting (p.s.i) Valve Setting (kPa) 
15 35 240 
22.5 45 310 
30 55 380 
 
(Source: Lommerse, 1992) 
 
In Figure 2.7 it can be seen that in normal operation, the gas enters the gas 
control board at point (a), passes through the by-pass valve to point (b), since 
the valve port to point (c) is closed, is bubbled through the conoflow sight 
gauge to point (d) at a rate determined by the setting of the regulating knob. 
The gas is then transferred through the connector at point (e) to the capillary 
line. The capillary line is normally a P.V.C tube enclosed in a galvanised or 
P.V.C water pipe. This line runs down to the waterbed and the end is either 
open or enclosed in a filter. 
 
Gas from the connector (e) is bubbled into the water at the end of the 
capillary line. The height of water above the capillary end registers as a 
corresponding backpressure on the gas in capillary, connector (e) and the gas 
line to the pressure-sensing instrument. 
 
A typical first generation bubbler gauge arrangement utilised a manometer 
because its accuracy as a simple instrument is adequate. A manometer is a 
device that measures differential pressure. Manometer measurements are 
functions of gravity and the liquids density (Thomas and D’Angelo, 2006). 
The most common type of manometer that is still widely used today is the U-
Chapter 2 Background  
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tube manometer partially filled with liquid. The most common liquids 
utilised are mercury and water. 
 
When each leg of the U-tube manometer is exposed to the atmosphere or 
subjected to an equal pressure, the liquid maintains the same level in each 
leg, establishing a zero reference (Figure 2.10). Using this point as a reference, 
and connecting one leg to an unknown pressure, the difference in column 
heights indicates the differential pressure (Figure 2.11). With the greater 
pressure applied to the left side of the U-tube manometer, the liquid lowers 
in the left leg and rises in the right leg. The liquid moves until the unit 
weight of the liquid, as indicated by ‘h’ in Figure 2.11, exactly balances the 
pressure (Thomas and D’Angelo, 2006). 
 
 
 
Figure 2.10 U-tube Manometer Open to Atmosphere (Source: Thomas 
and D’Angelo, 2006) 
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Figure 2.11 U-tube Manometer Open to Unknown Pressures, P1 and P2 
(Source: Thomas and D’Angelo, 2006) 
 
According to Thomas and Angelo (2006), the pressure exerted by the liquid 
column can be calculated accordingly: 
  
Where: 
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The resulting pressure is the difference between forces exerted per unit of 
surface area of the liquid columns, with newtons per square metre (Pascals) 
as the units. 
 
In the traditional gas bubbler manometer arrangement, gas pressure 
variations corresponding to changes in water levels were tapped from the 
gas control board and fed into one leg of a U-tube manometer partially filled 
with mercury. The effect of these pressure fluctuations on the mercury in one 
manometer leg correspondingly altered the mercury level in the open 
manometer leg. This mercury level position is proportional to the water 
level. 
 
A stainless steel float acting as a “Common” or “Earth” contact was also used 
to float in the mercury (Figure 2.12). “Up” and “Down” contacts in the float 
assembly energised either of the two electrical circuits when the common 
floating contact touched either of them. This action had the following effect: 
 
(a) If the stream level rose, the mercury level in the open leg would rise 
and the “Up” contact would touch the “Earth” contact. This contact 
would energise a motor through electrical circuitry and drive a winch 
drum and external pulley through gear reductions.  
The external pulley would drive through a spring belt to a pulley 
connected by a shaft to a link belt containing an ink pen in the 
recorder. This pen would then record the intermittent movements 
caused by the motor on the recorder chart which indicated a rise in 
stream water level. 
(b) If the stream water level fell, the mercury level in the open end would 
fall and the “Down” contact would touch the “Earth” contact. This 
Chapter 2 Background  
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initiated movement of the recorder opposite to that described in (a) 
and a fall in stream water level would be recorded on the chart. 
 
 
 
 
Figure 2.12 Schematic of Float Circuits 
 
Over time, pressure sensitive transducers and data logger technology have 
replaced mercury manometers in gas bubbler systems. Pressure transducers 
convert pressure into an electrical quantity. Normally, a diaphragm 
construction is utilised with either strain gauges bonded to it of diffused into 
it, acting as resistive elements. Under the pressure induced strain, the 
resistive values change. 
 
Pressure sensing using diaphragm technology measures the difference in 
pressure between the two sides of the diaphragm. Depending upon the 
relevant pressure, the terms ‘absolute’, where the reference is a vacuum, 
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‘gauge’, where the reference is atmospheric or ‘differential’, where the sensor 
has two ports for the measurement of two different pressures. 
 
There are several commercial types of pressure transducers available on the 
market. The most common type of pressure transducer utilised in gas 
bubbler arrangements are the strain gauge pressure transducers, particularly 
the silicon strain gauge pressure transducers. The operational theory behind 
most of these transducers requires knowledge of direct current circuitry and 
will not be elaborated upon in this research. This knowledge applies to the 
operation of the electronic components used to excite and read the device. 
 
A different type and example of another pressure transducer is the high-
resolution quartz crystal pressure transducer manufactured by Paroscientific 
Inc. of Redmond, Washington. This basic gauge pressure transducer design 
is illustrated in Figure 2.13. 
 
 
 
Figure 2.13 Quartz Crystal Pressure Transducer Design (Source: 
Paroscientific Inc, 2008) 
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Gas input P1 from the bubbler arrangement is at a pressure equal to the 
water level plus the ambient atmospheric pressure. Input P2 is equal to the 
ambient atmospheric pressure. The opposing bellows set up cancels out the 
atmospheric pressure and results in a net force on the lever arm proportional 
to the water level (Paroscientific Inc, 2008). 
 
The central beam of the quartz crystal is induced to vibrate in its 
fundamental resonate mode due to the pressure in the crystalline substance. 
A change in water level results in a change in pressure at the bellows 
pressure port. This is represented by a change in the axial load applied to the 
vibrating quartz beam, thus also a change in its resonant vibrational 
frequency. An oscillator circuit is tuned to the resonant frequency of the 
central beam of quartz crystal and records its changes in vibrational 
frequency with time. The fluid head can then be determined from the output 
frequency or period of the oscillator circuit (Paroscientific Inc, 2008). 
  
Submersible pressure transducers located at the measurement point in the 
water body utilise the same technologies as the pressure transducers in a gas 
bubbler arrangement. The major difference being that the pressure 
transducers designed to be immersed in water need to have additional 
features to protect the transducer from the rigorous environments in surface 
water level measurements. 
 
Two advantages of using submersible pressure transducers for monitoring 
surface water levels include the minimal space requirements of the data 
acquisition system, and the lack of need to provide a constant pressurised 
gas-purge system. This allows the use of a much smaller weatherproof 
enclosure to house the data logger, battery and data relay equipment. 
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Installation of submersible pressure transducers requires either the direct 
immersion of the transducer into the water body at the end of a protective 
steel conduit (Figure 2.14) or installation in a stilling well. A steel conduit is 
most desirable if the recording instrumentation must be located at a 
substantial distance from the stream or dam. In either use, the transducer 
must be installed securely so that it does not move relative to the gauge 
datum and so that the transducer is protected from the risk of damage. 
 
 
 
Figure 2.14 Submersible PST Installation (Source: Freeman et.al, 2004)  
 
Some other less common water level measurement devices include: 
• Ultrasonic level sensors; 
• Radar level sensors; and 
• Laser/light sensors. 
 
All of these alternative methods record indirect measurements of water level 
by measuring the travel time of a wave propagating through the atmosphere 
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above the water surface (Webster, 1999). The instruments are located 
securely above the water surface and do not come into contact with the 
water. The measurements recorded are primarily distance based (i.e. distance 
to the water surface) and the actual water level is then calculated 
accordingly. 
 
Although different types of physical waves (acoustic or electromagnetic) can 
be applied, the basic principles of both these methods are the same. The 
sensor emits a modulated signal as a wave toward the water surface; it is 
then reflected back from the water surface and received by the sensor. The 
measuring system evaluates the travel time of the signal and determines the 
distance from the sensor to the water surface. From this data, the water level 
in the stream or dam can be calculated. 
 
Ultrasonic waves are longitudinal acoustic waves with frequencies above 20 
kilo Hertz (kHz). Ultrasonic waves require a propagation medium, which for 
water level measurements is the atmosphere above the storage being 
measured. Piezoelectric transducers are utilised as the emitter and detector 
for ultrasonic waves, a membrane coupling it to the atmosphere (Webster, 
1999). 
 
Radar level sensors utilise microwaves. Microwaves are generally 
understood to be electromagnetic waves with frequencies above 2 gigahertz 
(GHz) and wavelengths of less than 0.15 meters. In practice, a microwave 
frequency in the range of 10 GHz (X-band) is preferred (Webster, 1999).  
 
Time of flight measurements using microwaves are generally RADAR based. 
‘RADAR’ is a method by means of which short electromagnetic waves are 
used to detect distant objects and determine their location and movement. 
They are usually combined with a compact sensor. 
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Travel time measurements can also be obtained using laser and light 
emitting diodes. Laser and light emitting diodes produce electromagnetic 
waves of very short wavelength (less than 2 µm). Preferred laser signals are 
short pulses of less than 1 nanosecond (ns) duration, or lasers with amplitude 
modulated intensity with frequencies of some megahertz (Webster, 1999). 
Laser systems are very accurate and precise and can achieve accuracies better 
than 1 mm. 
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2.2 Required Precision and Accuracy Needed for 
Evaporation Mitigation and Measurement 
Purposes 
 
In Australia, the loss of storage water due to evaporation and seepage 
processes is estimated to exceed several thousand gigalitres (GL)/year. This 
represents a significant economic loss to Australian irrigators and the 
Australian economy. This provides a strong incentive for research to be 
carried out in order to determine how evaporation and seepage losses can be 
better monitored, assessed and reduced. The most common approach has 
been to determine evaporation and seepage as residual terms from the 
overall water balance equation. However, Craig (2006) has shown that it is 
possible to determine these two parameters from only weather data and 
highly accurate water depth measurements. As long as inflow and outflow 
discharge entering and leaving the dam is zero, it obviates the need for 
expensive high accuracy flow meters combined with surveys of the dam 
profile. 
 
Craig (2006) undertook a study comparing precise water depth 
measurements using a submersible pressure transducer (accuracy of 
 over a 3.5 m range) on agricultural storages with open water 
evaporation estimates. A dam with a surface area of 120 ha located at 
Dirranbandi was used in the analysis because it was determined that it had 
nil seepage. This was confirmed when the total evaporation and seepage loss 
measured by the depth gauge or ruler was only 1.5 mm/day during the 
winter months. This was very close to the evaporation estimates for the open 
water storage with the use of the Penman Monteith (PM) FAO 56 method 
(Allen et.al, 1998). The depth data from the submersible PST was then 
compared against three different types of open water storage evaporation 
estimates. It was found that a good correlation existed between the PM 
Chapter 2 Background  
P a g e  27 
method and the PST recorded water depth data. However, overall the study 
still revealed a relative magnitude of uncertainty. This is due to the different 
methods of determining evaporation and PST issues including noise and 
temperature. Despite this, calculated accuracies were still of the order of 
approximately /day. This PST method of evaporation and seepage 
measurement was chosen in the study because it proved to be the most 
accurate and reliable amongst a broad range of other approaches (Craig, 
2006).  
 
A large storage like Fairbairn dam located in central Queensland for instance 
covers an area of 15,000 hectares (Figure 2.15). During the warmer days in 
the summer months, evaporation rates can reach 8 to 10 mm/day. This loss 
over such a large storage equates to a huge volume of water ranging between 
1200 and 1500 megalitres (ML)/day. If a measurement device measures a 
change in water level of approximately 8 mm and it is accurate to , the 
actual change in water storage could be miscalculated by 150 ML. 
 
 
 
Figure 2.15 Fairbairn Dam, Emerald – Central Queensland. (Photo 
taken 15/06/2007 
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Therefore, for evaporation mitigation and management purposes, water level 
sensors must be of the highest degree of accuracy and precision. Such a small 
error in water level over a large surface can still result in a major false 
assessment of the volume of water lost to evaporation and the volume of 
water available. 
 
Accurate, precise measurements are an important part of physics. The terms 
accuracy and precision are often mistakenly used. There is technical 
difference between the two. According to Giancoli (2004), accuracy refers to 
how close a measurement is to the true value, whereas, precision in a strict 
sense refers to the repeatability of a measurement using a given instrument. 
 
For the purpose of this study, by designing and implementing a bubbler 
arrangement set up in a controlled environment, an accuracy of better than 
 and high level of precision is aimed to be achieved through the 
trialling of different end pieces on the capillary line. If successful, it too could 
be used in conjunction with the PM method to better assess evaporation and 
seepage losses and at the same time being a cheaper and simpler option. 
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2.3 Parameters Effecting Accuracy of Pressure 
Measurement 
 
There are several factors that can influence the accuracy and precision of gas 
bubbler arrangements and the measurements recorded by submersible PSTs. 
While most sensor manufacturers produce devices that achieve very high 
accuracy, the added complexities of the wiring, data logger, power source 
and environmental variability may impact on the performance of the overall 
system. 
 
The environmental factors that could affect the accuracy of a PST include: 
• Water density  and water temperature; and 
• Acceleration due to gravity, ‘g’; and  
 
Some other common problems also include: 
• Leakage; 
• Open and short circuits; 
• Diaphragm failure; 
• Power supply failure; and  
• Voltage Surges. (Freeman et.al, 2004)  
 
Another influence that should also be considered in the use of bubbler 
arrangements is the friction in the bubble line. 
 
The final issue, the focal point of this study, is the impact of the 
bubble/water interface in bubbler arrangements on the accuracy of the 
pressure measurement, and the water level measurement. 
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2.31 Water Density/Temperature and Acceleration due to 
Gravity ‘g’ 
 
Water of different densities will produce different pressures under similar 
conditions. Density is the ratio of mass of a given quantity of a substance to 
the volume occupied by that quantity (Chadwick, 2004). Water density is 
dependent on temperature, dissolved salts and sediment content of the 
water. The standard value of the density of pure water is 1000 kg/m³ at a 
temperature of 4°C. Table 2.3 depicts density changes due to temperature. It 
can be seen that an increase in temperature generally decreases the density. 
However, there is a notable exception to this generalisation. For example, the 
density of water increases between 0 and 4°C. 
 
Table 2.3 Density Changes due to Temperature 
 
Temperature 
(°C) 
Density 
(kg/m³) 
Temperature 
(°C) 
Density 
(kg/m³) 
Temperature 
(°C) 
Density 
(kg/m³) 
0 999.87 15 999.13 30 995.62 
4 1000 20 998.23 40 992.24 
10 999.73 25 997.07 50 988.07 
 
The local variation of water density due to temperature will have a 
considerable impact on pressure readings. PSTs measure the hydrostatic 
pressure above the measurement point which is a function of density and 
gravity: 
 
Rearranging the equation, pressure is converted to head of water as follows: 
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If appropriate values are not adopted for density and acceleration due to 
gravity, there will be an error in the water level measurement and result in a 
difference between the recorded head and actual head. This is portrayed in 
Figures 2.16 and 2.17. 
 
Assuming ‘g’ is 9.81 m/s², at a temperature of 20 °C, the pressure of 1m will 
equate to approximately 9.793 kPa, using the appropriate water density of 
0.99823 kg/m³. If this is multiplied by 20 to obtain a pressure for a 20 m 
water column and the correct density values are substituted into the equation 
for a range of temperatures, the height of the water column needed to 
produce the equivalent pressure of the 20 m water column at 20 °C can be 
seen. As the temperature varies from 10 to 30 °C, the column depth required 
changes by approximately 80 mm (Figure 2.16).  
 
 
 
Figure 2.16 Effect of temperature variation on a 20 m water column 
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This same theory applies to variations in local ‘g’ values. The earth’s gravity 
refers to the gravitational attraction exerted on objects on or near the earth’s 
surface. There is a direct relationship between gravitational acceleration and 
the downwards weight force experienced by objects on earth. Therefore ‘g’ 
influences the weight of the given volume of water. It is the weight of the 
water that produces the pressure. Due to the earth not being perfectly round 
and the surface not flat, this value will vary slightly depending on different 
locations because of the different latitude, elevation, and local topography 
and geology (Table 2.4). At lower latitudes ‘g’ is weaker, at higher elevations 
‘g’ is also lower and varying topography and geology can cause fluctuations 
in the earth’s gravitational field. 
 
 
Table 2.4 Variation in ‘g’ due to Latitude and Altitude 
 
Location Latitude (°) Altitude (m) ‘g’ (m/s²) 
North Pole 90° 0 9.832 
Greenland 70° 20 9.825 
Stockholme 59° 45 9.818 
Brussels 51° 102 9.811 
Benff 51° 1376 9.808 
New York 41° 38 9.803 
Chicago 42° 182 9.803 
Denver 40° 1638 9.796 
San Francisco 38° 114 9.800 
Canal Zone 9° 6 9.782 
Java 6° South 7 9.782 
New Zealand 37° South 3 9.800 
Sydney 33° South 1 9.797 
 
 
 
 
Chapter 2 Background  
P a g e  33 
The local variation of water density due to temperature and the effect of the 
difference in the local and standard ‘g’ values will result in a difference 
between the recorded head of water and actual head of water. If the local ‘g’ 
value were obtained, the height of the water column needed to produce the 
equivalent pressure of a 20 m water column would differ again. Using the 
local ‘g’ value for Sydney (9.797 m/s²) and going through the same process 
as done previously, the height of the water column required to produce the 
pressure of a 20 m water column at 20 °C is illustrated in Figure 2.17. The 
combination of the temperature differing from 20 to 25 °C and the local ‘g’ 
value not being the standard 9.81 but instead 9.797 m/s² would result in the 
instrument under registering the 20 metre water column by 50 mm. 
 
 
 
Figure 2.15 Effect of Local ‘g’ Variation on Height of a 20 m Water 
Column 
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In water storages, thermal stratification on a seasonal basis can become an 
issue due to the change in temperature with depth. The surface layers heat 
up and being less dense, float on the cooler layers below. This results in three 
distinct layers. The upper and lower layers known respectively as the 
epilimnion and hypolimnion. The layer in between is the thermocline in 
which there is a steep change in temperature (USQ, 2007). As discussed 
previously, this variation in temperature with depth could have a significant 
impact on the accuracy and precision on the water level measurement 
because the density of the water will not be uniform. To assist in alleviating 
this issue, the US Department of Agriculture has designed a double bubbler 
arrangement. Double bubbler arrangements consist of two submerged tubes 
installed so that the two orifices are separated by a fixed vertical distance. A 
single transducer measures the pressure in both the tubes as well as the 
atmospheric pressure. The pressure line that is measured is determined by 
the data logger, which opens and closes valves on the manifold assembly. 
This technique compensates for temperature effects producing more accurate 
measurements. A simple schematic of the design is depicted in Figure 2.18. 
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Figure 2.18 Double bubbler arrangement 
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A less common occurrence in water storages is water quality stratification. A 
recent example of this is the stratification in Bedford weir, resulting from the 
discharge of flood water from the Ensham coal mine open cut mine pits to 
the McKenzie River in central QLD. In this instance, the better quality water 
(lower electrical conductivity) is in the upper part of the Bedford weir 
storage and the poorer quality water is in the lower part of the storage. This 
is an example of how water quality can affect the density of the water being 
measured and therefore also the water level measurement from a bubbler 
arrangement due to the density not being uniform. 
 
Inaccuracies due to density and ‘g’ are only significant if there is a large head 
of water above the submersible transducer or capillary end of a bubbler 
arrangement. To alleviate this issue, it is usually possible to program the 
pressure transducers with correction factors to compensate for the difference 
in water density due to temperature and also change the local ‘g’ value to 
suit the location. However, this creates a problem because it is then not 
possible to verify the operation of the transducer with the manufacturer’s 
calibration. It would be necessary to set the calibration factors back to the 
original values each time that the transducer is to be calibrated and then reset 
after the calibration is complete. 
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2.32 Leakage 
 
Leakage applies to submersible PSTs and is commonly caused by water 
leaking into the housing of the device. Leakage may cause unexplained 
measurements that stop, move out of range or fluctuate significantly. To 
prevent leakage, use of welded seals, O-ring seals, potted electronics and 
soldered contacts, sealed strain-relief fittings, and rubberised boots covering 
connections between the cable and the transducer’s housing are all 
recommended. Any of these components can still fail, however, multiple 
layers of waterproofing can help prevent faulty and loss of data (Freeman 
et.al, 2004).  
 
2.33 Open and Short Circuits 
 
Open and short circuits are the most frequent problems encountered when 
measuring water level data with a pressure transducer and data logger 
arrangement. An open circuit is a circuit in which no current flows because 
there is an opening in the circuit that stops the current from flowing. An 
open circuit can result in data floating erratically or resting at zero (Freeman 
et.al, 2004).  
 
A short circuit on the other hand is generally caused by incoming wires that 
are normally kept separate, coming into contact with each other. This can 
result in an abnormal low-resistance connection and an excessive electrical 
current flowing through the circuit. This commonly results in data values 
that indicate an over range condition for the data logger and are obviously 
much too high to match the actual pressure head. Solutions to this problem 
include checking the connections of wires to the data logger wiring panel 
and also checking the wire for cuts, kinks, and abrasions. Tinning leads can 
also reduce chances of short circuits and also prevent and reduce noise 
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(Freeman et.al, 2004). Tinning is the process of pre-applying a layer of solder 
to a wire before it is actually soldered onto another wire, component or 
circuit board.   
 
2.34 Diaphragm Failure 
 
Diaphragm failure can also occur in submersible PSTs. Failure of the 
pressure transducer diaphragm is commonly caused by transmission of 
sudden pressure waves through the water column, sometimes referred to as 
a water hammer and also rapid and large spikes in pressure (Freeman et.al, 
2004). These strong pressure waves can overload the transducer and rupture 
the diaphragm resulting in a sudden loss of data. If this occurs, the PST must 
be replaced. 
 
2.35 Power-Supply Failure 
 
If power supply is lost to most PSTs, the output to the data logger quite often 
reads zero. The solution is to resupply the power to the transducer as soon as 
possible to reduce the gap in the data. Commonly if power to the data logger 
is lost, the data already collected and stored is lost. To solve this issue, 
Freeman (2004) suggests installing a back up data storage device, or to use a 
data logger with a non-volatile memory, to retain data already recorded as 
well as the data logger program. A charging system can also prevent power 
loss. 
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2.36 Voltage Surges 
 
Voltage surges caused by nearby lightning strikes can also cause problems in 
a PST and data logger set up. Voltage surges can alter data logger programs, 
the data logger clock or worse still cause complete failure of the data logger 
and transducer, resulting in loss of data. 
 
2.37 Head Loss due to Friction in the Air line 
 
When air flows along a stationary solid boundary, such as a pipe wall, 
stresses are set up which exert a tangential force on the boundary as though 
the air were trying to adhere to it and drag it along (Ower & Pankhurst, 
1977). This is due to the property of air and all real fluids known as viscosity, 
which produces shearing stresses not only at the solid boundary but also 
within the moving air itself. 
 
When a viscous fluid such as air flows along a straight length of tubing of 
constant diameter, it loses energy owing to the effects of viscosity. If the 
tubing includes lengths of different diameter, bends and obstructions such as 
valves, there will be additional energy losses. To maintain the flow against 
these energy losses, there must be a difference between the pressures at the 
two ends i.e. the pressure at the upstream end must be higher than that at the 
outlet. Although, in this study, the head loss in the air line is assumed to be 
negligible, it should be taken into consideration when analysing the 
performance of the device. The resistance of a length or system of piping is 
expressed in terms of the pressure drop along it. Depending on the length of 
tubing to the orifice, roughness, bends and obstructions, the loss of total 
pressure is equal to the loss of energy per unit volume of the air flowing 
through the system. This is important because the primary concept of the 
bubbler arrangement is to measure the work the gas supply system has to 
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provide to force air out of the orifice to produce bubbles. Therefore, the 
correct pressure head measurement would actually be, the pressure recorded 
minus the head loss due to friction. 
 
The head loss due to friction in the airline is directly related to the square of 
the velocity of the fluid flowing through the system. The impact of head loss 
due to friction may be minimised by using larger diameter tube. 
 
2.38 Bubble/Water Interface 
 
In bubbler arrangements for the purpose of water level measurement, the 
bubble water interface and surface tension also impacts on the accuracy of 
the pressure measurement. This will be elaborated upon and explained 
further in the theory section, chapter 3. Transmitters on gas bubbler systems 
can produce very high-resolution measurements, such that formation of 
individual bubbles can be seen. Figure 2.20 shows the bubble formation in 
high resolution from a bubbler system in practice. The pressure rises slightly 
during bubble formation and then drops abruptly as the bubble breaks free 
from the orifice. It is important to note how this bubble radius changes with 
time and the effects of this bubble change on the measured pressure (Figures 
2.21 (a), (b), (c), (d)).  
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Figure 2.20 Bubble Formations in High Resolution (Source: 
Paroscientific Inc., 2008) 
 
 
 
 
Figure 2.21 (a) Stage 1 – Change in Pressure during Bubble 
Formation (Source: KRUSS, 2008) 
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Figure 2.21 (b) Stage 2 – Change in Pressure during Bubble 
Formation (Source: KRUSS, 2008) 
 
 
Figure 2.21 (c) Stage 3– Change in Pressure during Bubble 
Formation (Source: KRUSS, 2008) 
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Figure 2.21 (d) Stage 4 – Change in Pressure during Bubble 
Formation (Source: KRUSS, 2008) 
 
From bubble physics, it has been learnt that the pressure of an air bubble is 
inversely proportional to its radius. As the bubble increases in size, to the 
exact half bubble, the largest excess pressure will occur. As the radius grows 
further, the radius increases again so that the required pressure decreases i.e. 
there is more pressure than that required hence, explaining the sudden 
decrease in pressure at this time. The total change in pressure head in Figure 
2.20 is 2.74 mm. Verifying this change in pressure head experimentally and 
exploring it with different tube widths, orientations and bubble/water 
interfaces may minimise this effect and produce more accurate results or if 
not provide information that will allow it to be quantified and compensated 
for in water depth measurements of the future. 
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3.0 Theory 
 
In order to investigate the performance of the bubbler arrangement, a good 
understanding of two key areas of physics was required. These areas include 
the physics behind hydrostatics and also bubble physics. To obtain this 
knowledge, several library sessions and thorough internet searches were 
undertaken. 
 
3.1 Hydrostatics 
   
3.11 Pressure 
 
Hydrostatics is the study of fluids at rest. Fluid can refer to both liquids and 
gases, however for the purposes of this study, water will be focused on. For a 
fluid at rest (Freeman et.al, 2004), pressure (P) can be defined as the force (F) 
exerted perpendicularly by a fluid per unit area (A) over which the force is 
applied: 
 
 (3.1) 
 
Where: 
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Unlike solids, fluids possess negligible shear strength and will completely or 
partially occupy the volume of the container in which they are placed. A 
liquid, if it does not completely fill the container, will present a free liquid 
surface. 
 
For a liquid at rest that is not confined, the pressure exerted by the liquid at 
any point is dependent upon the density of the fluid, acceleration due to 
gravity and the height of the liquid column. Due to water only being slightly 
compressible, and provided that temperature and electrical conductivity do 
not vary significantly above the point of measurement, density is assumed to 
be constant in most cases. 
 
Pressure at any point in a liquid acts perpendicularly against the boundary 
surface it contacts. Pressure in a liquid column also varies linearly with 
depth. Consider a water body filled with a fluid at rest (i.e. a swimming 
pool) and imagine a vertical liquid column within the water body. Because 
the fluid is at rest, all the forces acting upon it must be in equilibrium (Figure 
3.1). If any forces were not perpendicular to the boundary surface, then a 
shear force component would exist and this component only arises for fluids 
in motion (Chadwick et.al, 2004). 
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Figure 3.1 Pressure Distribution around a Column of Liquid (Source: 
Chadwick et.al, 2004) 
 
The only force that supports the weight of the column is the force acting 
upwards due to the pressure on the base of the column. For the liquid 
column to be in equilibrium, this upward force must exactly equal the weight 
force acting downward (Chadwick et.al, 2004). 
 
The weight of a column of liquid is given by: 
 
 (3.2) 
Where: 
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The volume of the liquid column is the product of the horizontal cross 
sectional area and height (Chadwick et.al, 2004). Therefore the weight is: 
 
 (3.3) 
 
Where: 
 
 
  
  
 
It is known that the force acting upwards is equal to the weight force acting 
downward. Force is equal to pressure multiplied by cross sectional 
area , therefore the force acting upwards is  which in turn equals 
the weight of the column, . This is written as follows: 
 
 (3.4) 
 
and the basic hydrostatic equation or ‘law’ is determined: 
 
              (3.5) 
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3.2 Bubble Physics 
 
Bubble physics and surface tension play a very important role in this study. 
“Effective bubble pressure” is defined as a head loss that occurs as the gas 
flows out of the end nozzle and into the surrounding water in the form of 
bubbles (Nelson, 1954). The main cause of this head loss is the work required 
to overcome surface tension during the formation of bubbles. This work or 
energy is lost as the bubble breaks free from the orifice. Obviously the energy 
to form bubbles must come from inside the air line. If this factor is neglected, 
an excessive pressure measurement will result.  
 
Surface tension is an interesting effect that occurs across the interface of two 
static fluids such as water and air. At such an interface, the surface is like a 
stretched membrane. The ability of a spider species to walk on water, a steel 
needle placed gently in a pan of water floats and dewdrops appearing 
spherical in shape on plant leaves are all common observed examples of 
surface tension. Surface tensions of various kinds of liquids are provided in 
Table 3.1.  
 
 
Table 3.1 Surface Tension of Liquid (20 °C) 
 
Liquid Surface Liquid N/m 
Water Air 0.0728 
Mecury Air 0.476 
Mercury Water 0.373 
Methyl Aclohol Air 0.023 
 
(Source: Nakayama & Boucher, 1999) 
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Surface tension depends upon the surface material, the nature of the two 
fluids involved, and it is a function of pressure and temperature. The general 
trend is that surface tension decreases with increases in temperature. Table 
3.2 shows the variation of water surface tension in contact with air due to 
temperature change. 
 
Table 3.2 Surface Tension of Water in Contact with Air with Change 
in Temperature 
 
Temperature (°C) Surface Tension, γ (N/m) 
0 0.0756 
5 0.0749 
10 0.0742 
20 0.0728 
30 0.0696 
40 0.0679 
50 0.0662 
60 0.0644 
70 0.0626 
80 0.0608 
90 0.0589 
100 0.0696 
 
(Source: http://www.engineeringtoolbox.com/water-surface-tension- 
 d_597.html)  
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The Young-Laplace equation is a non-linear partial differential equation that 
describes the capillary pressure difference sustained across the interface 
between two static fluids such as water and air due to the phenomenon of 
surface tension (Wilcox, 2005). Surface tension is a property that causes a 
surface of a liquid to behave like an elastic sheet. The surface of the liquid 
acts like it is under tension. This tension acting along the surface arises from 
the attractive forces between the molecules (Giancoli, 2004). Molecules 
within the main body of the fluid are surrounded by molecules with 
attractive forces equal in all directions. On the other hand, molecules at the 
surface are attracted only by molecules from within the fluid, thus exhibiting 
a stronger attraction for other surface molecules to achieve an overall balance 
of molecular forces. This ‘force field’ results in the surface behaving like a 
stretched membrane. This effect is now known as surface tension, γ (the 
Greek letter gamma). 
 
 
In a narrow tube of circular cross section, the interface between two fluids, 
air and water forms a meniscus that is a portion of a sphere with radius R. 
(Figure 3.2) The pressure difference that can be supported by surface tension 
across the surface can be determined from the Young Laplace equation as 
follows: 
 
 
 (3.6) 
 
Where: 
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Figure 3.2 Capillary pressure in a tube 
 
Table 3.3 shows how the internal pressure of an air bubble increases with 
decreasing radius. This was determined using the Young Laplace equation. 
From Table 3.2, the surface tension of water at 20 °C of 0.0728 N/m was 
utilised.  
 
Table 3.3 Effective bubble pressure with Varying Radii  
 
Air Bubble 
Radius 
4 mm 3 mm 2mm 1mm 
 36 48 72 144 
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Table 3.2 indicates that a larger tube will require less excess pressure than a 
smaller tube. For instance, a 1 mm diameter tube would require an excess 
pressure of approximately 14.4 mm  to overcome the head loss due to 
surface tension. This clearly has an effect on the accuracy of the measured 
pressure and thus also the corresponding water level measurement. 
 
From this physics, it is known that the largest excess pressure will occur at 
the minimum radius, when the radius of the bubble is equal to the radius of 
the capillary line, the exact half bubble. When the bubble grows larger again 
and the radius of the bubble increases, the required pressure decreases, 
hence explaining the sudden decrease in pressure measured. Figure 3.3 
summarises this theory.  
 
 
 
 
Figure 3.3 Change in Pressure during Bubble Growth (Source: Kruss, 
2008) 
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4.0 Experimental Design and Methodology 
 
The experimental design consists of a laboratory measurement program 
using an air bubbler arrangement and thirteen different end piece 
configurations. The apparatus, trials and testing program that was 
undertaken are discussed in the following sections. The limitations of the 
apparatus are also discussed. 
 
4.1 Apparatus 
 
The experimental apparatus design is shown in Figure 4.1. The air control 
board consists of 6 mm internal diameter P.V.C. tubing mounted on a 1200 
by 900 mm ply wood sheet. Two control valves are installed in P.V.C tubing. 
Air is bubbled into the water at the end of the capillary line and the 
corresponding pressure registers on the water filled manometer inclined at 
five degrees to the horizontal.  
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An inclined manometer was used instead of a U-tube manometer to magnify 
the pressure change during the bubble formation. The inclined manometer 
requires a greater displacement of the meniscus for a given pressure 
differential than does a vertical manometer so the accuracy in reading the 
scale is greater with the inclined tube (Streeter, 1966). This is easily explained 
through basic trigonometry principles (Figure 4.2). Obviously, a change in 
pressure on the five degree incline will be greater than what would be seen 
on the vertical. For example, if a pressure difference of 10 mm is measured 
on the five degree incline, then the actual change in pressure can be 
calculated as follows: 
 
 
Figure 4.2 Inclined manometer trigonometry 
 
 
 
 
 
Two air charging systems were trialled to obtain the small pressure change 
during bubble formation. These include continuous flow of compressed air 
from an air compressor storage tank and also human induced lung pressure 
in conjunction with a 1 ml plunger and syringe.  
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4.11 Initial Apparatus 
 
Initially, a continuous supply of compressed air as the charging system was 
utilised. An air compressor storage tank was used to feed the system (Figure 
4.3). The air vessel was equipped with a tyre valve fitting so that it could be 
refilled with ease at the nearest service station (Figure 4.4). The flow of 
compressed air was controlled via the air control board and bubbled into the 
water at the capillary water end in the glass tank. The valve on the air control 
board was used to control and slow down the bubble rate. 
 
 
 
Figure 4.3 Air compressor storage tank 
 
 
 
 
Figure 4.4 Tyre valve fitting 
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Unfortunately, this form of dynamic testing was unsuccessful. During the 
bubble formation and release, no pressure differences were registering on the 
inclined manometer. As the bubbles were forming and releasing from the 
orifice, the pressure in the manometer was remaining constant. It was 
therefore determined that there was a dampening effect occurring due to the 
volume of air in the control board and capillary line, smoothing out the small 
pressure pulses. This resulted in the need for a new charging system. 
 
4.12 Final Apparatus and Methodology 
 
The final apparatus is depicted in Figure 4.5. In this setup, human induced 
lung pressure in conjunction with a 1 ml plunger (Figure 4.6) and syringe 
was utilised as the charging system. 
 
 
 
Figure 4.5 Final Apparatus 
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Figure 4.6 1 ml plunger and syringe 
 
To apply pressure, the plunger was removed from the 1 ml syringe and 
human lung pressure exerted through the piece to push the water down the 
capillary line to a point as close as possible to the bubble water interface. 
Once this point was reached, the ball valve at the top of the air control board 
was closed to hold it at that position. The plunger was then put back into 
place and the valve reopened.  
 
Pressure was then applied by plunging the syringe until the point at which 
the bubble began to form was reached (Figure 4.7). This point on the 
manometer was then recorded. 
 
 
 
Figure 4.7 Beginning of Bubble Formation 
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Once that initial point was obtained, the bubble was grown to a point just 
before the bubble would release into the surrounding water body (Figure 
4.8). This point on the manometer was also observed and recorded. Via this 
process, the increase in pressure could be calculated by subtracting the first 
measurement from the second measurement. 
 
 
 
Figure 4.8 Point just before bubble release 
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4.2 Apparatus Limitations 
 
The major problem encountered with the apparatus was air leaks. A 
significant amount of time was lost due to alleviating this issue. It was 
obvious air leaks were a problem because the bubble would not hold at the 
end of the outlet and slowly the water would creep back up the capillary 
line. 
 
To combat this issue, a number of things were undertaken. First, petroleum 
jelly was applied to all seals and connections as well as zip ties. The zip ties 
went around the joins twice and then were fastened and secured as tight as 
possible. This did not solve the problem. A silicon sealant was then applied 
generously to the joins. The sealant utilised required forty eight hours to set. 
This too initially did not solve the problem. So after much frustration, the 
final apparatus was dismantled and placed in a body of water. Air was then 
applied through the tubing to find where the actual leaks were occurring. It 
was evident that the air leaks were coming from the threaded connections 
between the valves and the brass connections which connected the valve to 
the tubing even though thread tape was utilised. When this was determined, 
thread tape was reapplied to the threads and the silicon sealant was put on 
the thread tape about 2 mm thick before the connections were screwed back 
together. Once the connections were joined, more silicon sealant was applied 
on the outside of the connection between the valve and the brass connection 
(Figure 4.9).  
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Figure 4.9 Use of silicon sealant to prevent air leaks 
 
To prevent air leaking from the plunger, a generous amount of petroleum 
jelly was used on the black stopper and reapplied in between tests. It was 
evident that the apparatus was air tight when a bubble could be held at the 
end of the outlet and not slowly creep back up the capillary line. Before 
testing began, a bubble was grown via the plunger and let sit for three hours. 
After the three hours, no change in the bubble had occurred. Therefore, it 
was determined that testing could begin. 
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4.3 Trials 
 
A total of thirteen end piece configurations have been chosen to be tested. In 
each trial, a different bubble water interface arrangement (end piece) was 
tested by growing the bubble at the end piece and measuring the change in 
pressure from bubble formation to just before the time of release. Twenty 
repetitive tests were carried out on each bubble water interface. The 
temperature of the water during each trial was also recorded. 
 
The testing procedure is outlined in the flow chart on the following page 
(Figure 4.10) and the end pieces to be tested are shown in Figures 4.11 to 4.19 
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Figure 4.10 Testing Procedure 
1. Test 3mm inside diameter brass 
fitting at three different 
orientations, bubble facing up, 
down and to the side (Figure 4.11, 
Determine orientation that 
has the least change in 
pressure 
2. Test different sized bare ends (5, 8, 
12.5 mm) at the orientation that 
showed the least change in 
3. Test the bare ended tube size that 
had the least and greatest change 
in pressure, cut at an angle of 45° 
and 60° (Figure 4.15 and 4.16)  
Determine tube size that 
has the least change in 
pressure 
Determine angle of cut 
which has the least 
change in pressure 
4. Test porous interfaces, porous 
polyethylene, porous brass and 
porous ceramic (Figures 4.17, 4.18 
5. Review results and make a 
recommendation as to which is the 
preferred and most accurate 
arrangement and check the results 
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Figure 4.11 3 mm inside diameter brass fitting in the ‘upwards’ 
orientation 
 
 
 
Figure 4.12 3 mm inside diameter brass fitting in the ‘downwards’ 
orientation 
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Figure 4.13 3 mm inside diameter brass fitting at a right angle 
 
 
 
 
Figure 4.14 Different sized bare ends to be tested 
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Figure 4.15 Bare ended tube with 45° Cut    
 
 
 
Figure 4.16 Bare ended tube with 60° Cut  
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Figure 4.17 Porous polyethylene (silencer for air tools)  
 
 
 
Figure 4.18 Porous brass interface (silencer for air tools)
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Figure 4.19 Porous ceramic interface (ceramic tip from a tensiometer) 
 
Before testing the porous ceramic and porous polyethylene end pieces, they 
had to be sealed and a flat surface had to be obtained to measure from. As 
can be seen in Figures 4.17 and 4.19, the end pieces were sealed using a 
silicon sealant. It can also be seen that the tips have been removed. The tips 
were flattened using sand paper. 
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5.0 Results and Discussion 
 
The testing was undertaken in accordance with the testing procedure 
outlined in Chapter 3 except for the porous interfaces. Limited results were 
obtained from these tests. The issues that were encountered are discussed 
later on in the chapter.  
 
All twenty test results for each of the novel bubble/water interfaces are 
provided in Appendix B. In order to analyse the data, for each set of results, 
the mean, standard deviation, maximum, minimum and range were all 
determined. The following results have also been converted from the incline 
measurements to the actual vertical measurements using the sine rule. 
 
First, the 3 mm inside diameter (I.D) end piece was tested at three different 
orientations, the bubble facing in the upward direction, the bubble facing to 
the side and the bubble facing in the downward direction. The results from 
these tests indicated that the bubble facing in the downward direction 
required the least excess pressure to overcome the head loss induced by the 
surface tension of the water. The summary of these three test results are 
provided in Tables 5.1, 5.2 and 5.3. 
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Table 5.1 - Summary of 3mm I.D, Upwards Direction 
• Temperature of the water was 21.5°C 
 
Number of Samples, n 20 
Standard Deviation, σ 0.159 
Mean ∆P, x bar (mm) 0.702 
Minimum ∆P (mm) 0.436 
Maximum ∆P (mm) 1.046 
Range ∆P (mm) 0.61 
 
 
Table 5.2 - Summary of 3mm I.D, Side Direction 
• Temperature of the water was 21.5°C 
 
Number of Samples, n 20 
Standard Deviation, σ 0.089 
Mean (x bar) (mm) 0.165 
Minimum (mm) 0.087 
Maximum (mm) 0.349 
Range (mm) 0.262 
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Table 5.3 - Summary of 3mm I.D, Downwards Direction 
• Temperature of the water was 21.5°C 
 
Number of Samples, n 20 
Standard Deviation, σ 0.061 
Mean (x bar) (mm) 0.157 
Minimum (mm) 0.087 
Maximum (mm) 0.261 
Range (mm) 0.174 
 
Looking at the results, it can be seen that there is a substantial difference 
between the interface orientated in the upwards direction and the other two. 
The mean change in pressure was approximately 0.7 mm HO in 
comparison to 0.165 and 0.157 mm H O. Therefore, the orientation in the 
upwards direction is not recommended.  
 
Surprisingly, the values obtained are quite small. Larger effective bubble 
pressure values were expected due to the surface tension theory. A 
temperature of 21.5 °C was measured over the duration of the testing so 
therefore, the surface tension of the water was assumed to be 0.0728 N/m. By 
using the Young Laplace equation and a radius of 1.5 mm, a maximum 
excessive pressure of approximately 9.7 mm H O was expected and only a 
maximum of 0.261 was obtained. 
 
The bubble facing in the downward direction was selected as the most 
accurate orientation because it had the lowest mean value and lowest 
standard deviation. The data set range was also the lowest of the three. 
Figure 5.1 shows the bubble size at the believed maximum pressure. 
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Figure 5.1 3 mm end piece during measurement  
 
Once the downward orientation was determined to be the most accurate, 
different sized bare ended tubing could then be tested to determine the tube 
width that results in the least effective bubble pressure. According to the 
theory, the head loss due to surface tension is inversely proportional to the 
radius. Therefore, a larger tube in radius is expected to show less excess 
pressure than a smaller tube. The test result summaries for the 5 mm, 8mm 
and 12.5mm tubing orientated in the downward direction are provided in 
Tables 5.4, 5.5 and 5.6. 
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Table 5.4 5mm Bare End Tube Downward Orientation 
• Temperature of the water was 21 °C 
Number of Samples, n 21 
Standard Deviation, σ 0.075 
Mean, x bar (mm) 0.361 
Minimum (mm) 0.261 
Maximum (mm) 0.523 
Range (mm) 0.262 
 
Table 5.5 8mm Bare End Tube Downward Orientation 
• Temperature of the water was 21°C 
 
 Number of Samples, n 20 
Standard Deviation, σ 0.073 
Mean, x bar (mm) 0.279 
Minimum (mm) 0.174 
Maximum (mm) 0.436 
Range (mm) 0.262 
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Table 5.6 12.5mm Bare End Tube Downward Orientation 
• Temperature of the water was 20°C 
Number of Samples, n 20 
Standard Deviation, σ 0.044 
Mean, x bar (mm) 0.122 
Minimum (mm) 0.087 
Maximum (mm) 0.174 
Range (mm) 0.087 
 
The results show that by simply increasing the size of the tubing, more 
accurate results will be achieved. This agrees with the Young Laplace 
effective bubble pressure theory in proving that the excess pressure during 
bubble formation is in fact inversely proportional to the radius. Starting with 
the 5mm outlet, the average change in pressure from a data set of twenty 
tests was 0.361 mm HO. This was reduced to 0.279 mm H O in the 8mm 
tube test and further reduced to 0.122 mm H O in the 12.5 mm tube test. 
However, the effective bubble pressures were still very small in comparison 
to those obtained from the Young Laplace equation. The temperatures 
between the three tests only ranged from 20 to 21°C. Therefore, a surface 
tension value of 0.0728 N/m was again adopted. Using the Young Laplace 
equation for the three different tube widths, the following results were 
obtained for the effective bubble pressure: 
 
Table 5.7 Comparison of Test Results and the Young Laplace 
Equation 
 
Diameter 
(m) 
Radius 
(m) 
∆P (Pa) 
(Young Laplace) 
∆P (mm HO) 
(Young Laplace) 
∆P (mm HO) 
(Measured) 
0.005 0.0025 58.24 5.824 0.361 
0.008 0.004 36.4 3.64 0.279 
0.0125 0.00625 23.29 2.33 0.122 
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In Table 5.7, it can be seen that there is a significant difference between the 
measured and calculated effective bubble pressure. However, it can also be 
seen that the 12.5 mm diameter tubing had the least variation in pressure 
during bubble growth. 
 
The third test consisted of measuring and comparing both the 5 and 12.5 mm 
tubing cut at an angle of 45° and 60°. The result summaries of each of these 
tests are provided in Tables 5.8, 5.9, 5.10 and 5.11. 
 
 
Table 5.8 5mm Bare End Tube with 45° Cut 
• Temperature of the water was 21°C 
Number of Samples, n 20 
Standard Deviation, σ 0.094 
Mean, x bar (mm) 0.462 
Minimum (mm) 0.349 
Maximum (mm) 0.61 
Range (mm) 0.261 
 
 
Table 5.9 5mm Bare End Tube with 60° Cut 
• Temperature of the water was 20.5°C 
Number of Samples, n 20 
Standard Deviation, σ 0.094 
Mean, x bar (mm) 0.349 
Minimum (mm) 0.174 
Maximum (mm) 0.523 
Range (mm) 0.349 
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Table 5.10 12.5 mm Bare End Tube with 45° Cut 
• Temperature of the water was 20°C 
Number of Samples, n 20 
Standard Deviation, σ 0.039 
Mean, x bar (mm) 0.109 
Minimum (mm) 0.087 
Maximum (mm) 0.174 
Range (mm) 0.087 
 
 
Table 5.11 12.5 mm Bare End Tube with 60° Cut 
• Temperature of the water was 20.5°C 
Number of Samples, n 20 
Standard Deviation, σ 0.048 
Mean, x bar (mm) 0.065 
Minimum (mm) 0 
Maximum (mm) 0.174 
Range (mm) 0.174 
 
 
 
The results of these tests show that a 60° cut at the end of the air line reduces 
the excess pressure required to overcome the head loss due to the surface 
tension of the water. It was evident that all of the 60° cut tests reduced the 
excess pressure when compared to the previous bare ended test results of the 
same diameter and orientation (downward direction). The bare ended 12.5 
mm diameter tube with no cut obtained a mean effective bubble pressure of 
0.122 mm HO. The 5 mm diameter tube resulted in a mean effective bubble 
pressure of 0.361 mm H O. The results from the 60° cut tests show that the 
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12.5 mm mean was reduced to 0.065 mm HO and the 5 mm tubing reduced 
to 0.349 mm H O. 
 
The successfulness of the 60° cut test could most likely be attributed to the 
increase in size of the cross sectional area of the interface or  also the change 
in its shape to an ellipsoid (Figure 5.2). 
 
 
 
Figure 5.2  12.5 mm 60° cut test – change in shape 
 
 
The 45° cut on the 5 mm and 12.5 mm tubing was not as successful in 
reducing the effective bubble pressure. The mean effective bubble pressure 
determined from the 12.5 mm bare ended test was is 0.122 mm H O. The 
12.5 mm tube with a 45° cut test only reduced this mean to 0.109 mm H O.  
 
The 5 mm, 45° degree cut test obtained a mean effective bubble pressure of 
0.462 mm H O. The 5 mm bare ended tube obtained 0.361 mm H O. 
Therefore an increase in the effective bubble pressure for the 5 mm tube 
occurred. Therefore, until further tests are carried out and proven different, 
the 45° cut will not be recommended. 
 
The final tests that were attempted were the porous interfaces. 
Unfortunately, due to limitations of the experimental design, not enough 
control could be obtained to control and measure the change in pressure 
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during bubble formation. The porous ceramic, brass and polyethylene were 
all trialled in the upward orientation as well as the downward orientation. 
Very poor measurements could only be obtained when the porous interface 
was hanging downwards. This resulted in a very unusual effect. All the tiny 
little bubbles would seem to join and produce one big bubble (Figure 5.2). 
The 1 ml syringe and plunger was also not large enough to produce and 
bubble growth. Therefore the 1 ml syringe and plunger was removed and 
swapped with a 10 ml syringe and plunger. Some very odd results were 
being produced for all three porous interfaces, therefore it was decided that 
it was unnecessary to carry out the twenty tests on each of them and instead 
only five results were recorded for the porous brass interface to show the 
non-repeatability of the results. The summary of the results obtained from 
the porous brass testing are provided in Table 5.10. 
 
 
 
Figure 5.3 Formation of one big bubble on porous interface 
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Table 5.12 Summary of Porous Brass Results 
 
Number of Samples, n 5 
Standard Deviation, σ 6.858 
Mean, x bar (mm) 8.019 
Minimum (mm) 1.656 
Maximum (mm) 18.04 
Range (mm) 16.384 
 
 
No results could be obtained on the porous interfaces when the interfaces 
were facing upwards. It was impossible to control the bubbles with the 
experimental apparatus. The same air charging system as the previous tests 
was used (1ml syringe and plunger). Human induced lung pressure was 
applied to a point just before the bubble formation was believed to begin. 
The valve was then shut off and the plunger reinserted into the syringe. Air 
was then plunged in as slowly and smoothly as possible. No bubbles would 
be forming on the surface of the interface and then all of a sudden a stream of 
several bubbles would be released from only one of the tiny little pores 
(Figure 5.3). 
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Figure 5.3 Bubble formations on a porous brass interface 
 
 
5.1 Limitations of Results 
 
  
The only problem that was encountered during testing was ensuring that the 
measurements were being taken at the same points in each test i.e. at the 
beginning of bubble formation and as close as possible to the point just 
before the bubble breaks free from the end piece. 
 
According to bubble physics, the maximum effective pressure is supposed to 
occur at the minimum radius, when the radius of the air bubble is equal to 
the radius of the capillary line. However, in the testing this did not occur. As 
the bubble kept growing, even past the point at which the radius was equal 
to the capillary radius, the pressure kept increasing up until breaking point. 
There was no increase in pressure followed by a decrease in pressure seen on 
the monometer during bubbler formation. This is why the measurement was 
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recorded just before the bubble released because there was still an increase in 
pressure showing.  
 
This could be a reason for why the measured results are much smaller than 
those calculated from the Young Laplace equation because in theory, the 
points that were measured would be the lowest two pressure measurements 
(refer to Figure 3.3) depending on how far  the bubble can be grown. 
Fortunately in most tests, the bubble was not able to grown much further 
than the half bubble, so the measurement recorded is most likely close 
enough to the half bubble. 
 
The limiting factor in regards to not being able to obtain results from the 
porous interfaces is most likely due to the increased surface tension in the 
pores of the porous media. Think of each little pore as a separate 
bubble/water interface. The results proved that the effective bubble pressure 
is inversely proportional to the radius. Therefore, the tiny little radii of the 
pores will consequently produce significant effective bubble pressures. 
 
5.2 Recommendations 
 
 
To assist in evaluating the results and to make judgement as to which novel 
bubble water interface should be recommended for implementation, a 
summary table of all the results was constructed (Table 5.13).
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Table 5.13  Summary of Results 
 
Novel Bubble/Water Interface 
Results 
3 mm I.D 
-     
Bubble 
Facing 
Up 
3 mm I.D 
- Bubble 
at Right 
Angle 
3 mm I.D 
- Bubble 
Facing 
Down 
5mm 
I.D - 
Bare 
End 
8 
mm 
I.D - 
Bare 
End 
12.5 
mm 
I.D - 
Bare 
End 
12.5 
mm 
I.D - 
45° 
Cut 
12.5 
mm 
I.D - 
60° 
Cut 
5 
mm 
I.D - 
45° 
Cut 
5 
mm 
I.D - 
60° 
Cut 
Porous 
Brass 
Number of 
Samples, n 20 20 20 21 20 20 20 20 20 20 5 
Standard Deviation, 
σ 0.159 0.089 0.061 0.075 0.073 0.044 0.039 0.048 0.094 0.094 6.858 
Mean, x bar (mm) 0.702 0.165 0.157 0.361 0.279 0.122 0.109 0.065 0.462 0.349 8.019 
Minimum (mm) 0.436 0.087 0.087 0.261 0.174 0.087 0.087 0 0.349 0.174 1.656 
Maximum (mm) 1.046 0.349 0.261 0.523 0.436 0.174 0.174 0.174 0.61 0.523 18.04 
Range (mm) 0.61 0.262 0.174 0.262 0.262 0.087 0.087 0.174 0.261 0.349 16.384 
Temperature (°C) 21.5 21.5 21.5 21 21 20 20 20.5 21 20.5 21 
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Fortunately, from the summary table it is obvious which interfaces will 
produce the most accurate results. It is recommended that any of the 12.5 
mm I.D novel/bubble water interfaces be adopted out in the field. However, 
it has been concluded that the 12.5 mm I.D, 60° cut interface is the most 
accurate. This was determined due to its average effective bubble pressure 
being the lowest and it also having a low standard deviation, meaning the 
dataset had good repeatability (precision). 
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6.0  Conclusion 
 
 
Water is one of the Earth’s most valuable natural resources. Conservation of 
water is becoming increasingly more important due to unpredictable rainfall 
patterns, climate change and growing populations. It is for these reasons; 
water must be better monitored, assessed and managed. The foundation to 
improved water management is water level measurement. Highly accurate 
water level measurements can assist farmers and water managers in their 
decision making as well as allow them to more accurately determine water 
quantity, usage, and loss of water via evaporation and seepage processes. 
 
The overall aim of this project was to optimise the accuracy and precision of 
the “bubbler” arrangement method through testing and evaluation of novel 
bubbler/water interface arrangements. Thirteen different end piece 
configurations were planned to be tested. However, only ten solid data sets 
were obtained for ten of the configurations due to apparatus implications. 
The novel bubble/water interface recommended as the most accurate of the 
trials was the 12.5 mm diameter tube with a 60 degree angle cut at the outlet. 
This was believed to be the most accurate and precise end piece due to it 
having the lowest average effective bubble pressure of 0.065 mm HO and 
also having one of the lowest standard deviations. 
 
The results of the trials did in fact accord with the bubble physics and surface 
tension theory to a certain degree. The results showed that the excess 
pressure resulting from the head loss due to surface tension was in fact 
inversely proportional to the radius of the bubble.  
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Two limitations of the results which is still of concern is the large pressure 
differences between the measured effective bubble pressure and the 
calculated effective pressure using the Young Laplace equation. The general 
saw tooth representation of bubble pressure during formation was also not 
achieved.  
 
Overall, the project has been a success. The project aim has been met, a series 
of novel/bubble water interfaces have been tested and a recommendation 
put forward. The initial objectives of the project have also been covered. All 
in all, this project has been a major learning experience. A significant amount 
of valuable knowledge has been gained from the experience.
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SUPERVISORS:  Mr Joseph Foley 
    Mr. Nigel Hancock 
 
PROJECT AIM: The aim of this project is to optimise the accuracy and precision of the “bubbler” 
arrangement method through testing and evaluation of novel bubbler/water 
interface arrangements. 
 
PROGRAMME: Issue B, 30th October 2008 
 
• Scope out the required precision and accuracy for evaporation mitigation measurement 
purposes; 
• Assess the parameters that  affect the accuracy of depth measurements  i.e. 
temperature/density; 
• Design/implement a laboratory measurement program utilising the “bubbler” arrangement; 
• Design/build and test novel bubble/water interface arrangements; 
• Analyse and evaluate the laboratory data assessing the “Bubblers” performance; and 
• Make a recommendation as to which novel bubble/water interface is most suitable and will 
produce the most accurate results. 
 
 
AGREED: _________________(student)__________________,_________________(supervisors) 
   ____/____/2008  ____/____/2008  ____/____/2008 
Examiner/Co-examiner______________________________
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• Test: 3mm Diameter End Facing Upwards 
 
 
 
 
Inclined Manometer Measurements T = 21.5°C 
1 2 
∆P on 5° Incline (2-1) 
(mm)  ∆P Vertical (mm HO) 
541 550 9 0.784 
543 553 10 0.872 
557 565 8 0.697 
522 532 10 0.872 
547 553 6 0.523 
547 553 6 0.523 
546 552 6 0.523 
527 538 11 0.959 
522 534 12 1.046 
549 557 8 0.697 
546 555 9 0.784 
559 565 6 0.523 
550 558 8 0.697 
563 570 7 0.61 
555 563 8 0.697 
560 565 5 0.436 
556 564 8 0.697 
569 578 9 0.784 
580 588 8 0.697 
583 590 7 0.61 
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• 3mm Bubble Facing to the Side (at right angles) 
 
Inclined Manometer Measurements Temp= 21.5°C 
1 2 
∆P on 5° Incline (2-1) 
(mm)  ∆P Vertical (mm HO) 
545 547 2 0.174 
546 548 2 0.174 
546 549 3 0.261 
547 549 2 0.174 
548 549 1 0.087 
549 550 1 0.087 
547 548 1 0.087 
548 550 2 0.174 
549 550 1 0.087 
549 551 2 0.174 
545 546 1 0.087 
550 551 1 0.087 
552 553 1 0.087 
546 550 4 0.349 
545 547 2 0.174 
543 546 3 0.261 
546 547 1 0.087 
545 546 1 0.087 
547 550 3 0.261 
546 550 4 0.349 
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• 3mm Bubble Facing Down 
 
 
Inclined Manometer Measurements T=21.5 °C 
1 2 
∆P on 5° Incline (2-1) 
(mm)  
∆P Vertical (mm 
HO) 
536 538 2 0.174 
536 538 2 0.174 
585 587 2 0.174 
586 589 3 0.261 
587 589 2 0.174 
582 585 3 0.261 
584 585 1 0.087 
584 586 2 0.174 
585 587 2 0.174 
582 585 3 0.261 
582 583 1 0.087 
581 583 2 0.174 
582 583 1 0.087 
582 583 1 0.087 
582 583 1 0.087 
582 584 2 0.174 
581 583 2 0.174 
581 583 2 0.174 
582 583 1 0.087 
582 583 1 0.087 
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• 5 mm Bare End Facing Down 
 
Inclined Manometer Measurements T=21°C 
1 2 
∆P on 5° Incline (2-1) 
(mm)  ∆P Vertical (mm HO) 
555 560 5 0.436 
557 561 4 0.349 
556 560 4 0.349 
557 560 3 0.261 
557 561 4 0.349 
554 560 6 0.523 
557 561 4 0.349 
557 560 3 0.261 
555 560 5 0.436 
556 560 4 0.349 
556 560 4 0.349 
557 560 3 0.261 
555 560 5 0.436 
556 560 4 0.349 
557 560 3 0.261 
556 560 4 0.349 
557 561 4 0.349 
555 560 5 0.436 
555 560 5 0.436 
555 560 5 0.436 
556 559 3 0.261 
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• 8mm Bare End 
 
Inclined Manometer Measurements T=21°C 
1 2 
∆P on 5° Incline (2-1) 
(mm) 
∆P Vertical (mm 
HO) 
592 595 3 0.261 
590 593 3 0.261 
590 594 4 0.349 
595 598 3 0.261 
595 598 3 0.261 
597 599 2 0.174 
595 599 4 0.349 
595 599 4 0.349 
596 599 3 0.261 
593 598 5 0.436 
596 598 2 0.174 
595 598 3 0.261 
596 598 2 0.174 
590 594 4 0.349 
591 595 4 0.349 
593 595 2 0.174 
592 595 3 0.261 
592 595 3 0.261 
591 595 4 0.349 
592 595 3 0.261 
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• 12.5 mm Bare End 
 
Inclined Manometer Measurements T=20°C 
1 2 
∆P on 5° Incline (2-1) 
(mm)  
∆P Vertical (mm 
HO) 
570 571 1 0.087 
569 570 1 0.087 
569 571 2 0.174 
569 570 1 0.087 
570 571 1 0.087 
570 571 1 0.087 
570 571 1 0.087 
570 571 1 0.087 
570 571 1 0.087 
569 571 2 0.174 
570 571 1 0.087 
569 571 2 0.174 
570 572 2 0.174 
570 572 2 0.174 
570 572 2 0.174 
570 571 1 0.087 
570 571 1 0.087 
570 571 1 0.087 
569 571 2 0.174 
569 571 2 0.174 
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• 12.5 mm 60° Cut 
 
Inclined Manometer Measurements T=20°C 
1 2 
∆P on 5° Incline (2-1) 
(mm)  
∆P Vertical (mm 
HO) 
565 565 0 0 
567 567 0 0 
566 567 1 0.087 
565 566 1 0.087 
565 566 1 0.087 
565 566 1 0.087 
566 567 1 0.087 
566 566 0 0 
565 566 1 0.087 
566 567 1 0.087 
566 566 0 0 
566 566 0 0 
566 567 1 0.087 
565 566 1 0.087 
566 566 0 0 
564 566 2 0.174 
564 565 1 0.087 
565 566 1 0.087 
564 565 1 0.087 
564 565 1 0.087 
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• 12.5 mm 45° Cut 
 
Inclined Manometer Measurements T=20.5°C 
1 2 
∆P on 5° Incline (2-1) 
(mm) 
∆P Vertical (mm 
HO) 
559 560 1 0.087 
560 561 1 0.087 
559 560 1 0.087 
559 560 1 0.087 
560 561 1 0.087 
565 566 1 0.087 
565 566 1 0.087 
565 566 1 0.087 
565 566 1 0.087 
565 566 1 0.087 
564 566 2 0.174 
563 565 2 0.174 
563 564 1 0.087 
567 568 1 0.087 
567 568 1 0.087 
566 568 2 0.174 
567 568 1 0.087 
568 569 1 0.087 
565 567 2 0.174 
565 567 2 0.174 
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• 5 mm 60° Cut 
 
Inclined Manometer Measurements T=20.5°C 
1 2 
∆P on 5° Incline (2-1) 
(mm)  
∆P Vertical (mm 
HO) 
561 565 4 0.349 
562 565 3 0.261 
560 565 5 0.436 
563 565 2 0.174 
560 565 5 0.436 
563 566 3 0.261 
561 565 4 0.349 
563 566 3 0.261 
560 566 6 0.523 
562 565 3 0.261 
561 566 5 0.436 
560 566 6 0.523 
563 567 4 0.349 
563 567 4 0.349 
563 567 4 0.349 
561 565 4 0.349 
560 565 5 0.436 
561 565 4 0.349 
562 565 3 0.261 
562 565 3 0.261 
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• 5 mm 45° Cut 
 
Inclined Manometer Measurements T=21°C 
1 2 
∆P on 5° Incline (2-1) 
(mm)  ∆P Vertical (mm HO) 
579 584 5 0.436 
578 585 7 0.61 
578 585 7 0.61 
579 585 6 0.523 
580 585 5 0.436 
580 585 5 0.436 
582 586 4 0.349 
583 588 5 0.436 
582 587 5 0.436 
583 587 4 0.349 
583 587 4 0.349 
583 588 5 0.436 
584 589 5 0.436 
584 590 6 0.523 
584 590 6 0.523 
582 589 7 0.61 
585 589 4 0.349 
586 590 4 0.349 
586 591 5 0.436 
580 587 7 0.61 
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• Porous Brass 
 
Inclined Manometer Measurements T=21°C 
1 2 
∆P on 5° Incline (2-1) 
(mm)  ∆P Vertical (mm HO) 
760 780 20 1.743 
560 767 207 18.04 
690 780 90 7.844 
656 780 124 10.81 
760 779 19 1.656 
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Table 1 – Risk Assessment 
Activity Hazard Type Risk Control Measures 
Work performed 
involving physical 
labour 
Lifting, bending, 
reaching 
Back injury, strains 
and sprains 
1. Use mechanical 
means where 
possible to 
minimise 
manual work. 
2. When lifting, 
bend legs and 
hold load close 
to body 
Travelling in a 
vehicle to pick up 
supplies for 
apparatus 
Accident Injury, death, 
damage to 
vehicle 
1. Obey road rules 
2. Always drive 
carefully 
Work performed 
near bodies of 
water 
Slipping Over Injury, 1. Avoid slippery 
conditions. 
2. Clean up Spills 
3. Wear 
appropriate 
footwear 
Working outside, 
building 
apparatus 
 
Sunburn   
 
Skin cancers 
1. Wear 
appropriate 
sunburn 
protection at all 
times when 
working in the 
field. 
Working with 
compressed air 
cylinders, 
particularly when 
refilling cylinder 
Air vessel 
exploding 
 
 
Penetration of 
the skin by high 
pressure air or 
connectors, 
injury, death 
 
1. Ensure vessel is 
capable of 
withstanding the 
pressures 
placed on it. 
 
